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Fluid, Kinetic and Gyro-fluid

Ø Fluid model at edge
§ Braginskii model (strongly-collisional, magnetized plasma)

collisional criterion                                        (and                    )

§ Anisotropy, trapped particles, Landau damping, FLR effects 
become important for weakly-collisional plasma.
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Top of pedestal SOL

DIII-D 800 5 3.3e5 5.9e3 50 1 4.0e6 6.0e4

C-Mod 600 30 2.8e6 5.0e4 50 10 3.3e7 5.5e5

EAST 500 3 4.0e5 7.0e3 50 0.8 2.9e6 4.9e4

ITER 4000 8 5.3e4 9.5e2 200 3 1.5e6 2.5e4
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⌫ii/s
�1

<latexit sha1_base64="gBQ2sfczmhqWidLWRB/dOKW2nXM=">AAAB+HicbVDLSsNAFL2prxofjboUJFgEEayJG10W3LisYB/QxjCZTtuhk0mYh1BDln6FGxeKuPUL/AZ3/o3Tx0JbD1w4nHMv994TpYxK5XnfVmFpeWV1rbhub2xubZecnd2GTLTApI4TlohWhCRhlJO6ooqRVioIiiNGmtHwauw374mQNOG3apSSIEZ9TnsUI2Wk0Cl1uA4zSvMzeZed+nnolL2KN4G7SPwZKVftx4NPAKiFzlenm2AdE64wQ1K2fS9VQYaEopiR3O5oSVKEh6hP2oZyFBMZZJPDc/fIKF23lwhTXLkT9fdEhmIpR3FkOmOkBnLeG4v/eW2tepdBRnmqFeF4uqinmasSd5yC26WCYMVGhiAsqLnVxQMkEFYmK9uE4M+/vEga5xXfq/g3Jo0TmKII+3AIx+DDBVThGmpQBwwanuAFXq0H69l6s96nrQVrNrMHf2B9/ADGa5SQ</latexit><latexit sha1_base64="Sbq6qbx/gsxH+NzCiVA+7U4TNh0=">AAAB+HicbVDLSsNAFJ34rPHRqEtBBosggjVxo8uCG5ct2Ae0MUymk3boZBLmIdSQZb/CjQtF3LryO9z5Df6E08dCWw9cOJxzL/feE6aMSuW6X9bS8srq2nphw97c2t4pOrt7DZlogUkdJywRrRBJwigndUUVI61UEBSHjDTDwfXYb94TIWnCb9UwJX6MepxGFCNlpMApdrgOMkrzc3mXnXl54JTcsjsBXCTejJQq9ujwo/Y9qgbOZ6ebYB0TrjBDUrY9N1V+hoSimJHc7mhJUoQHqEfahnIUE+lnk8NzeGyULowSYYorOFF/T2QolnIYh6YzRqov572x+J/X1iq68jPKU60Ix9NFkWZQJXCcAuxSQbBiQ0MQFtTcCnEfCYSVyco2IXjzLy+SxkXZc8tezaRxCqYogANwBE6ABy5BBdyAKqgDDDR4BM/gxXqwnqxX623aumTNZvbBH1jvPxN6lkk=</latexit><latexit sha1_base64="Sbq6qbx/gsxH+NzCiVA+7U4TNh0=">AAAB+HicbVDLSsNAFJ34rPHRqEtBBosggjVxo8uCG5ct2Ae0MUymk3boZBLmIdSQZb/CjQtF3LryO9z5Df6E08dCWw9cOJxzL/feE6aMSuW6X9bS8srq2nphw97c2t4pOrt7DZlogUkdJywRrRBJwigndUUVI61UEBSHjDTDwfXYb94TIWnCb9UwJX6MepxGFCNlpMApdrgOMkrzc3mXnXl54JTcsjsBXCTejJQq9ujwo/Y9qgbOZ6ebYB0TrjBDUrY9N1V+hoSimJHc7mhJUoQHqEfahnIUE+lnk8NzeGyULowSYYorOFF/T2QolnIYh6YzRqov572x+J/X1iq68jPKU60Ix9NFkWZQJXCcAuxSQbBiQ0MQFtTcCnEfCYSVyco2IXjzLy+SxkXZc8tezaRxCqYogANwBE6ABy5BBdyAKqgDDDR4BM/gxXqwnqxX623aumTNZvbBH1jvPxN6lkk=</latexit><latexit sha1_base64="fchV3YfEcwxvRW7v42CKxrIAjqE=">AAAB+HicbVDLSsNAFL3xWeujUZduBosggjVxo8uCG5cV7APaGCbTSTt0MgnzEGrIl7hxoYhbP8Wdf+P0sdDWAxcO59zLvfdEGWdKe963s7K6tr6xWdoqb+/s7lXc/YOWSo0ktElSnspOhBXlTNCmZprTTiYpTiJO29HoZuK3H6lULBX3epzRIMEDwWJGsLZS6FZ6woQ5Y8WFesjP/SJ0q17NmwItE39OqjBHI3S/ev2UmIQKTThWqut7mQ5yLDUjnBblnlE0w2SEB7RrqcAJVUE+PbxAJ1bpoziVtoRGU/X3RI4TpcZJZDsTrIdq0ZuI/3ldo+PrIGciM5oKMlsUG450iiYpoD6TlGg+tgQTyeytiAyxxETbrMo2BH/x5WXSuqz5Xs2/86r1s3kcJTiCYzgFH66gDrfQgCYQMPAMr/DmPDkvzrvzMWtdceYzh/AHzucPg4+S4w==</latexit>

⌫ee/s
�1

<latexit sha1_base64="XX3QE4GSQxYBSnzT5YryNaYuQa8=">AAAB+HicbVDLSgNBEOyNr7g+supRkMUgiGDc9aLHgBePEcwDkhhmJ51kyOzsMjMrxGWPfoUXD4p49Qv8Bm/+jZPHQRMLGoqqbrq7gpgzpT3v28otLa+sruXX7Y3Nre2Cs7NbU1EiKVZpxCPZCIhCzgRWNdMcG7FEEgYc68HwauzX71EqFolbPYqxHZK+YD1GiTZSxym0RNJJEbMzdZee+lnHKXolbwJ3kfgzUizbjwefAFDpOF+tbkSTEIWmnCjV9L1Yt1MiNaMcM7uVKIwJHZI+Ng0VJETVTieHZ+6RUbpuL5KmhHYn6u+JlIRKjcLAdIZED9S8Nxb/85qJ7l22UybiRKOg00W9hLs6cscpuF0mkWo+MoRQycytLh0QSag2WdkmBH/+5UVSOy/5Xsm/MWmcwBR52IdDOAYfLqAM11CBKlBI4Ale4NV6sJ6tN+t92pqzZjN78AfWxw+6B5SI</latexit><latexit sha1_base64="qwKW6b7WoPz35dmVcmrwxc5eip0=">AAAB+HicbVDLSsNAFJ34rPHRqEtBgkUQwZq40WXBjcsW7APaGCbTm3boZBJmJkINWfYr3LhQxK0rv8Od3+BPOH0stPXAhcM593LvPUHCqFSO82UsLa+srq0XNszNre2dorW715BxKgjUScxi0QqwBEY51BVVDFqJABwFDJrB4HrsN+9BSBrzWzVMwItwj9OQEqy05FvFDk/9DCA/l3fZmZv7VskpOxPYi8SdkVLFHB1+1L5HVd/67HRjkkbAFWFYyrbrJMrLsFCUMMjNTiohwWSAe9DWlOMIpJdNDs/tY6107TAWuriyJ+rviQxHUg6jQHdGWPXlvDcW//PaqQqvvIzyJFXAyXRRmDJbxfY4BbtLBRDFhppgIqi+1SZ9LDBROitTh+DOv7xIGhdl1ym7NZ3GKZqigA7QETpBLrpEFXSDqqiOCErRI3pGL8aD8WS8Gm/T1iVjNrOP/sB4/wEHFpZB</latexit><latexit sha1_base64="qwKW6b7WoPz35dmVcmrwxc5eip0=">AAAB+HicbVDLSsNAFJ34rPHRqEtBgkUQwZq40WXBjcsW7APaGCbTm3boZBJmJkINWfYr3LhQxK0rv8Od3+BPOH0stPXAhcM593LvPUHCqFSO82UsLa+srq0XNszNre2dorW715BxKgjUScxi0QqwBEY51BVVDFqJABwFDJrB4HrsN+9BSBrzWzVMwItwj9OQEqy05FvFDk/9DCA/l3fZmZv7VskpOxPYi8SdkVLFHB1+1L5HVd/67HRjkkbAFWFYyrbrJMrLsFCUMMjNTiohwWSAe9DWlOMIpJdNDs/tY6107TAWuriyJ+rviQxHUg6jQHdGWPXlvDcW//PaqQqvvIzyJFXAyXRRmDJbxfY4BbtLBRDFhppgIqi+1SZ9LDBROitTh+DOv7xIGhdl1ym7NZ3GKZqigA7QETpBLrpEFXSDqqiOCErRI3pGL8aD8WS8Gm/T1iVjNrOP/sB4/wEHFpZB</latexit><latexit sha1_base64="V8UXBiuYlxeQpyjdMDkVHWSnEvY=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0UQwZq40WXBjcsK9gFtDJPpTTt0MgnzEGrIl7hxoYhbP8Wdf+P0sdDWAxcO59zLvfdEGWdKe963s7K6tr6xWdoqb+/s7lXc/YOWSo2k0KQpT2UnIgo4E9DUTHPoZBJIEnFoR6Obid9+BKlYKu71OIMgIQPBYkaJtlLoVnrChDlAcaEe8nO/CN2qV/OmwMvEn5MqmqMRul+9fkpNAkJTTpTq+l6mg5xIzSiHotwzCjJCR2QAXUsFSUAF+fTwAp9YpY/jVNoSGk/V3xM5SZQaJ5HtTIgeqkVvIv7ndY2Or4OcicxoEHS2KDYc6xRPUsB9JoFqPraEUMnsrZgOiSRU26zKNgR/8eVl0rqs+V7Nv/Oq9bN5HCV0hI7RKfLRFaqjW9RATUSRQc/oFb05T86L8+58zFpXnPnMIfoD5/MHdyuS2w==</latexit>

T/eV
<latexit sha1_base64="CiqD0P54e7tKR+H/7ffOydJzLYw=">AAAB63icbVA9SwNBEJ3zM55fUUtBFoMgFvHORsuAjWWEfEFyhL3NJFmyt3fs7gnhSGlrY6GIrf/D32Dnv3EvSaGJDwYe780wMy9MBNfG876dldW19Y3Nwpa7vbO7t188OGzoOFUM6ywWsWqFVKPgEuuGG4GtRCGNQoHNcHSb+80HVJrHsmbGCQYRHUje54yaXKpdYqNbLHllbwqyTPw5KVXcx5NPAKh2i1+dXszSCKVhgmrd9r3EBBlVhjOBE7eTakwoG9EBti2VNEIdZNNbJ+TMKj3Sj5UtachU/T2R0UjrcRTazoiaoV70cvE/r52a/k2QcZmkBiWbLeqngpiY5I+THlfIjBhbQpni9lbChlRRZmw8rg3BX3x5mTSuyr5X9u9tGhcwQwGO4RTOwYdrqMAdVKEODIbwBC/w6kTOs/PmvM9aV5z5zBH8gfPxA71Ej3E=</latexit><latexit sha1_base64="yTnqut18Bq0d/NktI+Sjg2JkjFk=">AAAB63icbVC7SgNBFJ2Nr7i+opaCDAZBLOKujZYBG8sE8oJkCbOTm2TIzOwyMyuEJWVaGwtFbP0Hv8POb/AnnE1SaOKBC4dz7uXee8KYM20878vJra1vbG7lt92d3b39g8LhUUNHiaJQpxGPVCskGjiTUDfMcGjFCogIOTTD0V3mNx9AaRbJmhnHEAgykKzPKDGZVLuCRrdQ9EreDHiV+AtSLLvT04/q97TSLXx2ehFNBEhDOdG67XuxCVKiDKMcJm4n0RATOiIDaFsqiQAdpLNbJ/jcKj3cj5QtafBM/T2REqH1WIS2UxAz1MteJv7ntRPTvw1SJuPEgKTzRf2EYxPh7HHcYwqo4WNLCFXM3orpkChCjY3HtSH4yy+vksZ1yfdKftWmcYnmyKMTdIYukI9uUBndowqqI4qG6BE9oxdHOE/Oq/M2b805i5lj9AfO+w8KU5Eq</latexit><latexit sha1_base64="yTnqut18Bq0d/NktI+Sjg2JkjFk=">AAAB63icbVC7SgNBFJ2Nr7i+opaCDAZBLOKujZYBG8sE8oJkCbOTm2TIzOwyMyuEJWVaGwtFbP0Hv8POb/AnnE1SaOKBC4dz7uXee8KYM20878vJra1vbG7lt92d3b39g8LhUUNHiaJQpxGPVCskGjiTUDfMcGjFCogIOTTD0V3mNx9AaRbJmhnHEAgykKzPKDGZVLuCRrdQ9EreDHiV+AtSLLvT04/q97TSLXx2ehFNBEhDOdG67XuxCVKiDKMcJm4n0RATOiIDaFsqiQAdpLNbJ/jcKj3cj5QtafBM/T2REqH1WIS2UxAz1MteJv7ntRPTvw1SJuPEgKTzRf2EYxPh7HHcYwqo4WNLCFXM3orpkChCjY3HtSH4yy+vksZ1yfdKftWmcYnmyKMTdIYukI9uUBndowqqI4qG6BE9oxdHOE/Oq/M2b805i5lj9AfO+w8KU5Eq</latexit><latexit sha1_base64="6p99A1OjwW92u72QjguEn/odVtU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBZBPNTEix4LXjxW6Be0oWy2k3bp7ibsboQS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEAturOt+O6WNza3tnfJuZW//4PCoenzSMVGiGbZZJCLdC6hBwRW2LbcCe7FGKgOB3WB6n/vdJ9SGR6plZzH6ko4VDzmjNpda19gZVmtu3V2ArBOvIDUo0BxWvwajiCUSlWWCGtP33Nj6KdWWM4HzyiAxGFM2pWPsZ1RRicZPF7fOyUWmjEgY6ayUJQv190RKpTEzGWSdktqJWfVy8T+vn9jwzk+5ihOLii0XhYkgNiL542TENTIrZhmhTPPsVsImVFNms3gqWQje6svrpHNT99y69+jWGldFHGU4g3O4BA9uoQEP0IQ2MJjAM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AXpojcQ=</latexit>

n
/1019m�3

<latexit sha1_base64="ePcfvNh/0cpXOFNOa6j2R+J3LcE=">AAAB+nicbVDLSgNBEOyNr7i+Ej0KshgEEYw7elBvAS8eI5gHJJswO5lNhszOLjOzSlhz9DO8eFDEqx/gN3jzb5w8DppY0FBUddPd5cecKe2631ZmYXFpeSW7aq+tb2xu5fLbVRUlktAKiXgk6z5WlDNBK5ppTuuxpDj0Oa35/auRX7ujUrFI3OpBTL0QdwULGMHaSO1cXjSbJ8htpehyGLbS47NhO1dwi+4YzjxBU1Io2Y97nwBQbue+mp2IJCEVmnCsVAO5sfZSLDUjnA7tZqJojEkfd2nDUIFDqrx0fPrQOTBKxwkiaUpoZ6z+nkhxqNQg9E1niHVPzXoj8T+vkejgwkuZiBNNBZksChLu6MgZ5eB0mKRE84EhmEhmbnVID0tMtEnLNiGg2ZfnSfW0iNwiukGF0hFMkIVd2IdDQHAOJbiGMlSAwD08wQu8Wg/Ws/VmvU9aM9Z0Zgf+wPr4AdpflIA=</latexit><latexit sha1_base64="qXDzAmYcsf4HyxQsDeKz49wSCIw=">AAAB+nicbVDLSsNAFJ34rPGV6lKQYBFEsGZ0oe4Kbly2YB/QpGUynbRDJ5MwM1FKzLKf4caFIm5d+B3u/AZ/wuljoa0HLhzOuZd77/FjRqVynC9jYXFpeWU1t2aub2xubVv5nZqMEoFJFUcsEg0fScIoJ1VFFSONWBAU+ozU/f71yK/fESFpxG/VICZeiLqcBhQjpaW2leeuewqdVgqvsrCVnpxnbavgFJ0x7HkCp6RQMof7H5XvYbltfbqdCCch4QozJGUTOrHyUiQUxYxkpptIEiPcR13S1JSjkEgvHZ+e2Yda6dhBJHRxZY/V3xMpCqUchL7uDJHqyVlvJP7nNRMVXHop5XGiCMeTRUHCbBXZoxzsDhUEKzbQBGFB9a027iGBsNJpmToEOPvyPKmdFaFThBVYKB2DCXJgDxyAIwDBBSiBG1AGVYDBPXgEz+DFeDCejFfjbdK6YExndsEfGO8/J26WOQ==</latexit><latexit sha1_base64="qXDzAmYcsf4HyxQsDeKz49wSCIw=">AAAB+nicbVDLSsNAFJ34rPGV6lKQYBFEsGZ0oe4Kbly2YB/QpGUynbRDJ5MwM1FKzLKf4caFIm5d+B3u/AZ/wuljoa0HLhzOuZd77/FjRqVynC9jYXFpeWU1t2aub2xubVv5nZqMEoFJFUcsEg0fScIoJ1VFFSONWBAU+ozU/f71yK/fESFpxG/VICZeiLqcBhQjpaW2leeuewqdVgqvsrCVnpxnbavgFJ0x7HkCp6RQMof7H5XvYbltfbqdCCch4QozJGUTOrHyUiQUxYxkpptIEiPcR13S1JSjkEgvHZ+e2Yda6dhBJHRxZY/V3xMpCqUchL7uDJHqyVlvJP7nNRMVXHop5XGiCMeTRUHCbBXZoxzsDhUEKzbQBGFB9a027iGBsNJpmToEOPvyPKmdFaFThBVYKB2DCXJgDxyAIwDBBSiBG1AGVYDBPXgEz+DFeDCejFfjbdK6YExndsEfGO8/J26WOQ==</latexit><latexit sha1_base64="AOvjtfk9UyOCbNv7JzvV2WbMTpE=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIsggnWiC3VXcOOygn1AZ1oyaaYNJpkhyShlnE9x40IRt36JO//G9LHQ1gMXDufcy733hAln2njet1NYWl5ZXSuulzY2t7Z33PJuU8epIrRBYh6rdog15UzShmGG03aiKBYhp63w/nrstx6o0iyWd2aU0EDggWQRI9hYqeeWpe+fIq+boatcdLOT87znVryqNwFcJGhGKmCGes/98vsxSQWVhnCsdQd5iQkyrAwjnOYlP9U0weQeD2jHUokF1UE2OT2Hh1bpwyhWtqSBE/X3RIaF1iMR2k6BzVDPe2PxP6+TmugyyJhMUkMlmS6KUg5NDMc5wD5TlBg+sgQTxeytkAyxwsTYtEo2BDT/8iJpnlWRV0W3qFI7nsVRBPvgABwBBC5ADdyAOmgAAh7BM3gFb86T8+K8Ox/T1oIzm9kDf+B8/gCXg5LT</latexit>

marginal violationjustified

�mfp ⌧ Lk
<latexit sha1_base64="hazoMe6ga4dxbjklU3Kezmxt+Ig=">AAACBnicbVDLSgMxFM34rPU16lKEYBFclZki6LLgxoWLCvYBnWHIZDJtaJIJSUYoQ1du/BU3LhRx6ze4829M21lo64HA4Zxzubknloxq43nfzsrq2vrGZmWrur2zu7fvHhx2dJYrTNo4Y5nqxUgTRgVpG2oY6UlFEI8Z6caj66nffSBK00zcm7EkIUcDQVOKkbFS5J4EzIYTFBU8lRMYMAZvo0AihRgjLHJrXt2bAS4TvyQ1UKIVuV9BkuGcE2EwQ1r3fU+asEDKUMzIpBrkmkiER2hA+pYKxIkOi9kZE3hmlQSmmbJPGDhTf08UiGs95rFNcmSGetGbiv95/dykV2FBhcwNEXi+KM0ZNBmcdgITqgg2bGwJworav0I8tBVgY5ur2hL8xZOXSadR9726f3dRazbKOirgGJyCc+CDS9AEN6AF2gCDR/AMXsGb8+S8OO/Oxzy64pQzR+APnM8fKRGY3A==</latexit><latexit sha1_base64="hazoMe6ga4dxbjklU3Kezmxt+Ig=">AAACBnicbVDLSgMxFM34rPU16lKEYBFclZki6LLgxoWLCvYBnWHIZDJtaJIJSUYoQ1du/BU3LhRx6ze4829M21lo64HA4Zxzubknloxq43nfzsrq2vrGZmWrur2zu7fvHhx2dJYrTNo4Y5nqxUgTRgVpG2oY6UlFEI8Z6caj66nffSBK00zcm7EkIUcDQVOKkbFS5J4EzIYTFBU8lRMYMAZvo0AihRgjLHJrXt2bAS4TvyQ1UKIVuV9BkuGcE2EwQ1r3fU+asEDKUMzIpBrkmkiER2hA+pYKxIkOi9kZE3hmlQSmmbJPGDhTf08UiGs95rFNcmSGetGbiv95/dykV2FBhcwNEXi+KM0ZNBmcdgITqgg2bGwJworav0I8tBVgY5ur2hL8xZOXSadR9726f3dRazbKOirgGJyCc+CDS9AEN6AF2gCDR/AMXsGb8+S8OO/Oxzy64pQzR+APnM8fKRGY3A==</latexit><latexit sha1_base64="hazoMe6ga4dxbjklU3Kezmxt+Ig=">AAACBnicbVDLSgMxFM34rPU16lKEYBFclZki6LLgxoWLCvYBnWHIZDJtaJIJSUYoQ1du/BU3LhRx6ze4829M21lo64HA4Zxzubknloxq43nfzsrq2vrGZmWrur2zu7fvHhx2dJYrTNo4Y5nqxUgTRgVpG2oY6UlFEI8Z6caj66nffSBK00zcm7EkIUcDQVOKkbFS5J4EzIYTFBU8lRMYMAZvo0AihRgjLHJrXt2bAS4TvyQ1UKIVuV9BkuGcE2EwQ1r3fU+asEDKUMzIpBrkmkiER2hA+pYKxIkOi9kZE3hmlQSmmbJPGDhTf08UiGs95rFNcmSGetGbiv95/dykV2FBhcwNEXi+KM0ZNBmcdgITqgg2bGwJworav0I8tBVgY5ur2hL8xZOXSadR9726f3dRazbKOirgGJyCc+CDS9AEN6AF2gCDR/AMXsGb8+S8OO/Oxzy64pQzR+APnM8fKRGY3A==</latexit><latexit sha1_base64="hazoMe6ga4dxbjklU3Kezmxt+Ig=">AAACBnicbVDLSgMxFM34rPU16lKEYBFclZki6LLgxoWLCvYBnWHIZDJtaJIJSUYoQ1du/BU3LhRx6ze4829M21lo64HA4Zxzubknloxq43nfzsrq2vrGZmWrur2zu7fvHhx2dJYrTNo4Y5nqxUgTRgVpG2oY6UlFEI8Z6caj66nffSBK00zcm7EkIUcDQVOKkbFS5J4EzIYTFBU8lRMYMAZvo0AihRgjLHJrXt2bAS4TvyQ1UKIVuV9BkuGcE2EwQ1r3fU+asEDKUMzIpBrkmkiER2hA+pYKxIkOi9kZE3hmlQSmmbJPGDhTf08UiGs95rFNcmSGetGbiv95/dykV2FBhcwNEXi+KM0ZNBmcdgITqgg2bGwJworav0I8tBVgY5ur2hL8xZOXSadR9726f3dRazbKOirgGJyCc+CDS9AEN6AF2gCDR/AMXsGb8+S8OO/Oxzy64pQzR+APnM8fKRGY3A==</latexit>



Fluid, Kinetic and Gyro-fluid (cont.)

Ø Kinetic/gyro-kinetic model
§ Extremely expansive computationally

o for both particle and distribution function approaches
o vast span of spatial and temporal scale depends on interested 

problems
§ Complicate collisional operator

Ø Gyro-fluid model
§ A compromise of fluid and kinetic model

o contains essential kinetic physics
o is numerical feasible

§ Derived from moment expansion of gyro-kinetic equation, 
closed via various closures

§ BOUT++ implements the      GF formation by Snyder and 
Hammett
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Snyder and Hammett, PoP, 8, 3199 (2001)

�f
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GLF model in BOUT++

Ø For ions, retain FLR effects – 4 equations (3+1 model)

with gyro-averaged electric potential                    and                   . Here

and the modified Laplacian operators are                                                                         with argument
.
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b0

eB0
⇥·r

�
p̃ki+p̃?i

�
�nib0

B0
⇥·r

✓
2+

1

2
r̂2

?

◆
�

�n0B0rk
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Ø For electrons, neglecting FLR effects and use isotropic assumptionà reduced 
equations

with vorticity and perturbed current defined as

and  gyro-averaged ion density and parallel velocity

GLF model in BOUT++
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GLF Closures

Ø Landau closure

Ø Toroidal closure

where
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Landau damping collision



Additional Physics in GLF

Ø FLR effects (on ions)

§ physics – FLR effects correct dispersion and linear 
growth rate of gradient driven instabilities

Ø Landau damping

§ Weakly-collisonal limit
§ Important to drift-type instability

Ø Ion anisotropy (optional for electrons)

§ , no trapped particle yet

Ø Toroidal drift resonance
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b0

eB0
⇥·r

�
p̃ki+p̃?i

�
�nib0

B0
⇥·r

✓
2+

1

2
r̂2

?

◆
�

�n0B0rk
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Ø All these physics are embedded in GLF equations:
§ First order FLR effects are retained via gyro-average operator          ;
§ Landau damping is included in           ;
§ Ions have anisotropic        and        ;
§ Toroidal drift resonance is included in         and so on.

Back to GLF Equations
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p̃ki
<latexit sha1_base64="wLzCQ81H4ildk2MCH2u7rEZo3Cs=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksggcpiQh6LHjxWMHWQhPCZjNpl26SZXcjlJCLf8WLB0W8+jO8+W/ctjlo64OBx3szzMwLBWdKO863VVtZXVvfqG82trZ3dvfs/YOeynJJoUsznsl+SBRwlkJXM82hLySQJOTwEI5vpv7DI0jFsvReTwT4CRmmLGaUaCMF9pGnGY+gEGVQeIJIwjlwzMrAbjotZwa8TNyKNFGFTmB/eVFG8wRSTTlRauA6QvsFkZpRDmXDyxUIQsdkCANDU5KA8ovZAyU+NUqE40yaSjWeqb8nCpIoNUlC05kQPVKL3lT8zxvkOr72C5aKXENK54vinGOd4WkaOGISqOYTQwiVzNyK6cikQLXJrGFCcBdfXia9i5brtNy7y2b7vIqjjo7RCTpDLrpCbXSLOqiLKCrRM3pFb9aT9WK9Wx/z1ppVzRyiP7A+fwBt/5ba</latexit><latexit sha1_base64="wLzCQ81H4ildk2MCH2u7rEZo3Cs=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksggcpiQh6LHjxWMHWQhPCZjNpl26SZXcjlJCLf8WLB0W8+jO8+W/ctjlo64OBx3szzMwLBWdKO863VVtZXVvfqG82trZ3dvfs/YOeynJJoUsznsl+SBRwlkJXM82hLySQJOTwEI5vpv7DI0jFsvReTwT4CRmmLGaUaCMF9pGnGY+gEGVQeIJIwjlwzMrAbjotZwa8TNyKNFGFTmB/eVFG8wRSTTlRauA6QvsFkZpRDmXDyxUIQsdkCANDU5KA8ovZAyU+NUqE40yaSjWeqb8nCpIoNUlC05kQPVKL3lT8zxvkOr72C5aKXENK54vinGOd4WkaOGISqOYTQwiVzNyK6cikQLXJrGFCcBdfXia9i5brtNy7y2b7vIqjjo7RCTpDLrpCbXSLOqiLKCrRM3pFb9aT9WK9Wx/z1ppVzRyiP7A+fwBt/5ba</latexit><latexit sha1_base64="wLzCQ81H4ildk2MCH2u7rEZo3Cs=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksggcpiQh6LHjxWMHWQhPCZjNpl26SZXcjlJCLf8WLB0W8+jO8+W/ctjlo64OBx3szzMwLBWdKO863VVtZXVvfqG82trZ3dvfs/YOeynJJoUsznsl+SBRwlkJXM82hLySQJOTwEI5vpv7DI0jFsvReTwT4CRmmLGaUaCMF9pGnGY+gEGVQeIJIwjlwzMrAbjotZwa8TNyKNFGFTmB/eVFG8wRSTTlRauA6QvsFkZpRDmXDyxUIQsdkCANDU5KA8ovZAyU+NUqE40yaSjWeqb8nCpIoNUlC05kQPVKL3lT8zxvkOr72C5aKXENK54vinGOd4WkaOGISqOYTQwiVzNyK6cikQLXJrGFCcBdfXia9i5brtNy7y2b7vIqjjo7RCTpDLrpCbXSLOqiLKCrRM3pFb9aT9WK9Wx/z1ppVzRyiP7A+fwBt/5ba</latexit><latexit sha1_base64="wLzCQ81H4ildk2MCH2u7rEZo3Cs=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksggcpiQh6LHjxWMHWQhPCZjNpl26SZXcjlJCLf8WLB0W8+jO8+W/ctjlo64OBx3szzMwLBWdKO863VVtZXVvfqG82trZ3dvfs/YOeynJJoUsznsl+SBRwlkJXM82hLySQJOTwEI5vpv7DI0jFsvReTwT4CRmmLGaUaCMF9pGnGY+gEGVQeIJIwjlwzMrAbjotZwa8TNyKNFGFTmB/eVFG8wRSTTlRauA6QvsFkZpRDmXDyxUIQsdkCANDU5KA8ovZAyU+NUqE40yaSjWeqb8nCpIoNUlC05kQPVKL3lT8zxvkOr72C5aKXENK54vinGOd4WkaOGISqOYTQwiVzNyK6cikQLXJrGFCcBdfXia9i5brtNy7y2b7vIqjjo7RCTpDLrpCbXSLOqiLKCrRM3pFb9aT9WK9Wx/z1ppVzRyiP7A+fwBt/5ba</latexit>

q̃k,?i
<latexit sha1_base64="4Y2u5QxlyjyFFqHNVM9pbKfDST8=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCyCh1ISEfRY8OKxgv2AJpTNdtIu3STr7kYoIScv/hUvHhTx6m/w5r9x2+agrQ8GHu/NMDMvEJwp7TjfVmlldW19o7xZ2dre2d2z9w/aKkklhRZNeCK7AVHAWQwtzTSHrpBAooBDJxhfT/3OA0jFkvhOTwT4ERnGLGSUaCP17WNPMz6A7D7vZ54gknAOvOYJkAKzvG9XnbozA14mbkGqqECzb395g4SmEcSacqJUz3WE9jMiNaMc8oqXKhCEjskQeobGJALlZ7M3cnxqlAEOE2kq1nim/p7ISKTUJApMZ0T0SC16U/E/r5fq8MrPWCxSDTGdLwpTjnWCp5ngAZNANZ8YQqhk5lZMRyYLqk1yFROCu/jyMmmf112n7t5eVBu1Io4yOkIn6Ay56BI10A1qohai6BE9o1f0Zj1ZL9a79TFvLVnFzCH6A+vzB/QzmVY=</latexit><latexit sha1_base64="4Y2u5QxlyjyFFqHNVM9pbKfDST8=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCyCh1ISEfRY8OKxgv2AJpTNdtIu3STr7kYoIScv/hUvHhTx6m/w5r9x2+agrQ8GHu/NMDMvEJwp7TjfVmlldW19o7xZ2dre2d2z9w/aKkklhRZNeCK7AVHAWQwtzTSHrpBAooBDJxhfT/3OA0jFkvhOTwT4ERnGLGSUaCP17WNPMz6A7D7vZ54gknAOvOYJkAKzvG9XnbozA14mbkGqqECzb395g4SmEcSacqJUz3WE9jMiNaMc8oqXKhCEjskQeobGJALlZ7M3cnxqlAEOE2kq1nim/p7ISKTUJApMZ0T0SC16U/E/r5fq8MrPWCxSDTGdLwpTjnWCp5ngAZNANZ8YQqhk5lZMRyYLqk1yFROCu/jyMmmf112n7t5eVBu1Io4yOkIn6Ay56BI10A1qohai6BE9o1f0Zj1ZL9a79TFvLVnFzCH6A+vzB/QzmVY=</latexit><latexit sha1_base64="4Y2u5QxlyjyFFqHNVM9pbKfDST8=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCyCh1ISEfRY8OKxgv2AJpTNdtIu3STr7kYoIScv/hUvHhTx6m/w5r9x2+agrQ8GHu/NMDMvEJwp7TjfVmlldW19o7xZ2dre2d2z9w/aKkklhRZNeCK7AVHAWQwtzTSHrpBAooBDJxhfT/3OA0jFkvhOTwT4ERnGLGSUaCP17WNPMz6A7D7vZ54gknAOvOYJkAKzvG9XnbozA14mbkGqqECzb395g4SmEcSacqJUz3WE9jMiNaMc8oqXKhCEjskQeobGJALlZ7M3cnxqlAEOE2kq1nim/p7ISKTUJApMZ0T0SC16U/E/r5fq8MrPWCxSDTGdLwpTjnWCp5ngAZNANZ8YQqhk5lZMRyYLqk1yFROCu/jyMmmf112n7t5eVBu1Io4yOkIn6Ay56BI10A1qohai6BE9o1f0Zj1ZL9a79TFvLVnFzCH6A+vzB/QzmVY=</latexit><latexit sha1_base64="4Y2u5QxlyjyFFqHNVM9pbKfDST8=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCyCh1ISEfRY8OKxgv2AJpTNdtIu3STr7kYoIScv/hUvHhTx6m/w5r9x2+agrQ8GHu/NMDMvEJwp7TjfVmlldW19o7xZ2dre2d2z9w/aKkklhRZNeCK7AVHAWQwtzTSHrpBAooBDJxhfT/3OA0jFkvhOTwT4ERnGLGSUaCP17WNPMz6A7D7vZ54gknAOvOYJkAKzvG9XnbozA14mbkGqqECzb395g4SmEcSacqJUz3WE9jMiNaMc8oqXKhCEjskQeobGJALlZ7M3cnxqlAEOE2kq1nim/p7ISKTUJApMZ0T0SC16U/E/r5fq8MrPWCxSDTGdLwpTjnWCp5ngAZNANZ8YQqhk5lZMRyYLqk1yFROCu/jyMmmf112n7t5eVBu1Io4yOkIn6Ay56BI10A1qohai6BE9o1f0Zj1ZL9a79TFvLVnFzCH6A+vzB/QzmVY=</latexit>

r̃k,?
<latexit sha1_base64="klcyG0P8TwcQzFIa/jAVtbpqG6k=">AAACBHicbVBNS8NAEN34WetX1GMvwSJ4KCURQY8FLx4r2A9oQthsJu3SzWbZ3Qgl9ODFv+LFgyJe/RHe/Ddu2xy09cHA470ZZuZFglGlXffbWlvf2NzaruxUd/f2Dw7to+OuynJJoEMylsl+hBUwyqGjqWbQFxJwGjHoReObmd97AKloxu/1RECQ4iGnCSVYGym0a76mLIZCTsPCF1hixoA1fAFSTEO77jbdOZxV4pWkjkq0Q/vLjzOSp8A1YVipgecKHRRYakoYTKt+rkBgMsZDGBjKcQoqKOZPTJ0zo8ROkklTXDtz9fdEgVOlJmlkOlOsR2rZm4n/eYNcJ9dBQbnINXCyWJTkzNGZM0vEiakEotnEEEwkNbc6ZGSSINrkVjUheMsvr5LuRdNzm97dZb3VKOOooBo6RefIQ1eohW5RG3UQQY/oGb2iN+vJerHerY9F65pVzpygP7A+fwDFzJi6</latexit><latexit sha1_base64="klcyG0P8TwcQzFIa/jAVtbpqG6k=">AAACBHicbVBNS8NAEN34WetX1GMvwSJ4KCURQY8FLx4r2A9oQthsJu3SzWbZ3Qgl9ODFv+LFgyJe/RHe/Ddu2xy09cHA470ZZuZFglGlXffbWlvf2NzaruxUd/f2Dw7to+OuynJJoEMylsl+hBUwyqGjqWbQFxJwGjHoReObmd97AKloxu/1RECQ4iGnCSVYGym0a76mLIZCTsPCF1hixoA1fAFSTEO77jbdOZxV4pWkjkq0Q/vLjzOSp8A1YVipgecKHRRYakoYTKt+rkBgMsZDGBjKcQoqKOZPTJ0zo8ROkklTXDtz9fdEgVOlJmlkOlOsR2rZm4n/eYNcJ9dBQbnINXCyWJTkzNGZM0vEiakEotnEEEwkNbc6ZGSSINrkVjUheMsvr5LuRdNzm97dZb3VKOOooBo6RefIQ1eohW5RG3UQQY/oGb2iN+vJerHerY9F65pVzpygP7A+fwDFzJi6</latexit><latexit sha1_base64="klcyG0P8TwcQzFIa/jAVtbpqG6k=">AAACBHicbVBNS8NAEN34WetX1GMvwSJ4KCURQY8FLx4r2A9oQthsJu3SzWbZ3Qgl9ODFv+LFgyJe/RHe/Ddu2xy09cHA470ZZuZFglGlXffbWlvf2NzaruxUd/f2Dw7to+OuynJJoEMylsl+hBUwyqGjqWbQFxJwGjHoReObmd97AKloxu/1RECQ4iGnCSVYGym0a76mLIZCTsPCF1hixoA1fAFSTEO77jbdOZxV4pWkjkq0Q/vLjzOSp8A1YVipgecKHRRYakoYTKt+rkBgMsZDGBjKcQoqKOZPTJ0zo8ROkklTXDtz9fdEgVOlJmlkOlOsR2rZm4n/eYNcJ9dBQbnINXCyWJTkzNGZM0vEiakEotnEEEwkNbc6ZGSSINrkVjUheMsvr5LuRdNzm97dZb3VKOOooBo6RefIQ1eohW5RG3UQQY/oGb2iN+vJerHerY9F65pVzpygP7A+fwDFzJi6</latexit><latexit sha1_base64="klcyG0P8TwcQzFIa/jAVtbpqG6k=">AAACBHicbVBNS8NAEN34WetX1GMvwSJ4KCURQY8FLx4r2A9oQthsJu3SzWbZ3Qgl9ODFv+LFgyJe/RHe/Ddu2xy09cHA470ZZuZFglGlXffbWlvf2NzaruxUd/f2Dw7to+OuynJJoEMylsl+hBUwyqGjqWbQFxJwGjHoReObmd97AKloxu/1RECQ4iGnCSVYGym0a76mLIZCTsPCF1hixoA1fAFSTEO77jbdOZxV4pWkjkq0Q/vLjzOSp8A1YVipgecKHRRYakoYTKt+rkBgMsZDGBjKcQoqKOZPTJ0zo8ROkklTXDtz9fdEgVOlJmlkOlOsR2rZm4n/eYNcJ9dBQbnINXCyWJTkzNGZM0vEiakEotnEEEwkNbc6ZGSSINrkVjUheMsvr5LuRdNzm97dZb3VKOOooBo6RefIQ1eohW5RG3UQQY/oGb2iN+vJerHerY9F65pVzpygP7A+fwDFzJi6</latexit>

p̃?i
<latexit sha1_base64="5HVvkqLtk6N1aCxxwaC9PsmkqlQ=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwICURQY8FLx4r2A9oQthsJu3STbLsboQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzQsGZ0o7zba2tb2xubdd26rt7+weH9tFxT2W5pNClGc/kICQKOEuhq5nmMBASSBJy6IeT25nffwSpWJY+6EKAn5BRymJGiTZSYDc8zXgEpZgGpSdACsymgd10Ws4ceJW4FWmiCp3A/vKijOYJpJpyotTQdYT2SyI1oxymdS9XIAidkBEMDU1JAsov58dP8ZlRIhxn0lSq8Vz9PVGSRKkiCU1nQvRYLXsz8T9vmOv4xi9ZKnINKV0sinOOdYZnSeCISaCaF4YQKpm5FdMxkYRqk1fdhOAuv7xKepct12m591fN9kUVRw2doFN0jlx0jdroDnVQF1FUoGf0it6sJ+vFerc+Fq1rVjXTQH9gff4AT9eVHA==</latexit><latexit sha1_base64="5HVvkqLtk6N1aCxxwaC9PsmkqlQ=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwICURQY8FLx4r2A9oQthsJu3STbLsboQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzQsGZ0o7zba2tb2xubdd26rt7+weH9tFxT2W5pNClGc/kICQKOEuhq5nmMBASSBJy6IeT25nffwSpWJY+6EKAn5BRymJGiTZSYDc8zXgEpZgGpSdACsymgd10Ws4ceJW4FWmiCp3A/vKijOYJpJpyotTQdYT2SyI1oxymdS9XIAidkBEMDU1JAsov58dP8ZlRIhxn0lSq8Vz9PVGSRKkiCU1nQvRYLXsz8T9vmOv4xi9ZKnINKV0sinOOdYZnSeCISaCaF4YQKpm5FdMxkYRqk1fdhOAuv7xKepct12m591fN9kUVRw2doFN0jlx0jdroDnVQF1FUoGf0it6sJ+vFerc+Fq1rVjXTQH9gff4AT9eVHA==</latexit><latexit sha1_base64="5HVvkqLtk6N1aCxxwaC9PsmkqlQ=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwICURQY8FLx4r2A9oQthsJu3STbLsboQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzQsGZ0o7zba2tb2xubdd26rt7+weH9tFxT2W5pNClGc/kICQKOEuhq5nmMBASSBJy6IeT25nffwSpWJY+6EKAn5BRymJGiTZSYDc8zXgEpZgGpSdACsymgd10Ws4ceJW4FWmiCp3A/vKijOYJpJpyotTQdYT2SyI1oxymdS9XIAidkBEMDU1JAsov58dP8ZlRIhxn0lSq8Vz9PVGSRKkiCU1nQvRYLXsz8T9vmOv4xi9ZKnINKV0sinOOdYZnSeCISaCaF4YQKpm5FdMxkYRqk1fdhOAuv7xKepct12m591fN9kUVRw2doFN0jlx0jdroDnVQF1FUoGf0it6sJ+vFerc+Fq1rVjXTQH9gff4AT9eVHA==</latexit><latexit sha1_base64="5HVvkqLtk6N1aCxxwaC9PsmkqlQ=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwICURQY8FLx4r2A9oQthsJu3STbLsboQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzQsGZ0o7zba2tb2xubdd26rt7+weH9tFxT2W5pNClGc/kICQKOEuhq5nmMBASSBJy6IeT25nffwSpWJY+6EKAn5BRymJGiTZSYDc8zXgEpZgGpSdACsymgd10Ws4ceJW4FWmiCp3A/vKijOYJpJpyotTQdYT2SyI1oxymdS9XIAidkBEMDU1JAsov58dP8ZlRIhxn0lSq8Vz9PVGSRKkiCU1nQvRYLXsz8T9vmOv4xi9ZKnINKV0sinOOdYZnSeCISaCaF4YQKpm5FdMxkYRqk1fdhOAuv7xKepct12m591fN9kUVRw2doFN0jlx0jdroDnVQF1FUoGf0it6sJ+vFerc+Fq1rVjXTQH9gff4AT9eVHA==</latexit>



Ø All these physics are embedded in GLF equations:
§ First order FLR effects are retained via gyro-average operator          ;
§ Landau damping is included in           ;
§ Ions have anisotropic        and        ;
§ Toroidal drift resonance is included in         and so on.

Similarly, for vorticity, perturbed current, gyro-averaged ion density and parallel velocity:
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<latexit sha1_base64="60DQ46biZXMv7kwwaztKUsOMGMc="></latexit><latexit sha1_base64="60DQ46biZXMv7kwwaztKUsOMGMc="></latexit><latexit sha1_base64="60DQ46biZXMv7kwwaztKUsOMGMc="></latexit><latexit sha1_base64="60DQ46biZXMv7kwwaztKUsOMGMc="></latexit>
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<latexit sha1_base64="QhskyB2NTpIFflXz6SqvLHgm1CY=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8SNwNgh4DHvQYwTwg2YTeySQZMrO7zMwqYcl/ePGgiFf/xZt/4yTZgyYWNBRV3XR3BbHg2rjut7Oyura+sZnbym/v7O7tFw4O6zpKFGU1GolINQPUTPCQ1Qw3gjVjxVAGgjWC0c3UbzwypXkUPphxzHyJg5D3OUVjpU77FqXErttJvYvypFsouiV3BrJMvIwUIUO1W/hq9yKaSBYaKlDrlufGxk9RGU4Fm+TbiWYx0hEOWMvSECXTfjq7ekJOrdIj/UjZCg2Zqb8nUpRaj2VgOyWaoV70puJ/Xisx/Ws/5WGcGBbS+aJ+IoiJyDQC0uOKUSPGliBV3N5K6BAVUmODytsQvMWXl0m9XPLcknd/WaycZ3Hk4BhO4Aw8uIIK3EEVakBBwTO8wpvz5Lw4787HvHXFyWaO4A+czx9OMpGm</latexit><latexit sha1_base64="QhskyB2NTpIFflXz6SqvLHgm1CY=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8SNwNgh4DHvQYwTwg2YTeySQZMrO7zMwqYcl/ePGgiFf/xZt/4yTZgyYWNBRV3XR3BbHg2rjut7Oyura+sZnbym/v7O7tFw4O6zpKFGU1GolINQPUTPCQ1Qw3gjVjxVAGgjWC0c3UbzwypXkUPphxzHyJg5D3OUVjpU77FqXErttJvYvypFsouiV3BrJMvIwUIUO1W/hq9yKaSBYaKlDrlufGxk9RGU4Fm+TbiWYx0hEOWMvSECXTfjq7ekJOrdIj/UjZCg2Zqb8nUpRaj2VgOyWaoV70puJ/Xisx/Ws/5WGcGBbS+aJ+IoiJyDQC0uOKUSPGliBV3N5K6BAVUmODytsQvMWXl0m9XPLcknd/WaycZ3Hk4BhO4Aw8uIIK3EEVakBBwTO8wpvz5Lw4787HvHXFyWaO4A+czx9OMpGm</latexit><latexit sha1_base64="QhskyB2NTpIFflXz6SqvLHgm1CY=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8SNwNgh4DHvQYwTwg2YTeySQZMrO7zMwqYcl/ePGgiFf/xZt/4yTZgyYWNBRV3XR3BbHg2rjut7Oyura+sZnbym/v7O7tFw4O6zpKFGU1GolINQPUTPCQ1Qw3gjVjxVAGgjWC0c3UbzwypXkUPphxzHyJg5D3OUVjpU77FqXErttJvYvypFsouiV3BrJMvIwUIUO1W/hq9yKaSBYaKlDrlufGxk9RGU4Fm+TbiWYx0hEOWMvSECXTfjq7ekJOrdIj/UjZCg2Zqb8nUpRaj2VgOyWaoV70puJ/Xisx/Ws/5WGcGBbS+aJ+IoiJyDQC0uOKUSPGliBV3N5K6BAVUmODytsQvMWXl0m9XPLcknd/WaycZ3Hk4BhO4Aw8uIIK3EEVakBBwTO8wpvz5Lw4787HvHXFyWaO4A+czx9OMpGm</latexit><latexit sha1_base64="QhskyB2NTpIFflXz6SqvLHgm1CY=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8SNwNgh4DHvQYwTwg2YTeySQZMrO7zMwqYcl/ePGgiFf/xZt/4yTZgyYWNBRV3XR3BbHg2rjut7Oyura+sZnbym/v7O7tFw4O6zpKFGU1GolINQPUTPCQ1Qw3gjVjxVAGgjWC0c3UbzwypXkUPphxzHyJg5D3OUVjpU77FqXErttJvYvypFsouiV3BrJMvIwUIUO1W/hq9yKaSBYaKlDrlufGxk9RGU4Fm+TbiWYx0hEOWMvSECXTfjq7ekJOrdIj/UjZCg2Zqb8nUpRaj2VgOyWaoV70puJ/Xisx/Ws/5WGcGBbS+aJ+IoiJyDQC0uOKUSPGliBV3N5K6BAVUmODytsQvMWXl0m9XPLcknd/WaycZ3Hk4BhO4Aw8uIIK3EEVakBBwTO8wpvz5Lw4787HvHXFyWaO4A+czx9OMpGm</latexit>

p̃ki
<latexit sha1_base64="wLzCQ81H4ildk2MCH2u7rEZo3Cs=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksggcpiQh6LHjxWMHWQhPCZjNpl26SZXcjlJCLf8WLB0W8+jO8+W/ctjlo64OBx3szzMwLBWdKO863VVtZXVvfqG82trZ3dvfs/YOeynJJoUsznsl+SBRwlkJXM82hLySQJOTwEI5vpv7DI0jFsvReTwT4CRmmLGaUaCMF9pGnGY+gEGVQeIJIwjlwzMrAbjotZwa8TNyKNFGFTmB/eVFG8wRSTTlRauA6QvsFkZpRDmXDyxUIQsdkCANDU5KA8ovZAyU+NUqE40yaSjWeqb8nCpIoNUlC05kQPVKL3lT8zxvkOr72C5aKXENK54vinGOd4WkaOGISqOYTQwiVzNyK6cikQLXJrGFCcBdfXia9i5brtNy7y2b7vIqjjo7RCTpDLrpCbXSLOqiLKCrRM3pFb9aT9WK9Wx/z1ppVzRyiP7A+fwBt/5ba</latexit><latexit sha1_base64="wLzCQ81H4ildk2MCH2u7rEZo3Cs=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksggcpiQh6LHjxWMHWQhPCZjNpl26SZXcjlJCLf8WLB0W8+jO8+W/ctjlo64OBx3szzMwLBWdKO863VVtZXVvfqG82trZ3dvfs/YOeynJJoUsznsl+SBRwlkJXM82hLySQJOTwEI5vpv7DI0jFsvReTwT4CRmmLGaUaCMF9pGnGY+gEGVQeIJIwjlwzMrAbjotZwa8TNyKNFGFTmB/eVFG8wRSTTlRauA6QvsFkZpRDmXDyxUIQsdkCANDU5KA8ovZAyU+NUqE40yaSjWeqb8nCpIoNUlC05kQPVKL3lT8zxvkOr72C5aKXENK54vinGOd4WkaOGISqOYTQwiVzNyK6cikQLXJrGFCcBdfXia9i5brtNy7y2b7vIqjjo7RCTpDLrpCbXSLOqiLKCrRM3pFb9aT9WK9Wx/z1ppVzRyiP7A+fwBt/5ba</latexit><latexit sha1_base64="wLzCQ81H4ildk2MCH2u7rEZo3Cs=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksggcpiQh6LHjxWMHWQhPCZjNpl26SZXcjlJCLf8WLB0W8+jO8+W/ctjlo64OBx3szzMwLBWdKO863VVtZXVvfqG82trZ3dvfs/YOeynJJoUsznsl+SBRwlkJXM82hLySQJOTwEI5vpv7DI0jFsvReTwT4CRmmLGaUaCMF9pGnGY+gEGVQeIJIwjlwzMrAbjotZwa8TNyKNFGFTmB/eVFG8wRSTTlRauA6QvsFkZpRDmXDyxUIQsdkCANDU5KA8ovZAyU+NUqE40yaSjWeqb8nCpIoNUlC05kQPVKL3lT8zxvkOr72C5aKXENK54vinGOd4WkaOGISqOYTQwiVzNyK6cikQLXJrGFCcBdfXia9i5brtNy7y2b7vIqjjo7RCTpDLrpCbXSLOqiLKCrRM3pFb9aT9WK9Wx/z1ppVzRyiP7A+fwBt/5ba</latexit><latexit sha1_base64="wLzCQ81H4ildk2MCH2u7rEZo3Cs=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksggcpiQh6LHjxWMHWQhPCZjNpl26SZXcjlJCLf8WLB0W8+jO8+W/ctjlo64OBx3szzMwLBWdKO863VVtZXVvfqG82trZ3dvfs/YOeynJJoUsznsl+SBRwlkJXM82hLySQJOTwEI5vpv7DI0jFsvReTwT4CRmmLGaUaCMF9pGnGY+gEGVQeIJIwjlwzMrAbjotZwa8TNyKNFGFTmB/eVFG8wRSTTlRauA6QvsFkZpRDmXDyxUIQsdkCANDU5KA8ovZAyU+NUqE40yaSjWeqb8nCpIoNUlC05kQPVKL3lT8zxvkOr72C5aKXENK54vinGOd4WkaOGISqOYTQwiVzNyK6cikQLXJrGFCcBdfXia9i5brtNy7y2b7vIqjjo7RCTpDLrpCbXSLOqiLKCrRM3pFb9aT9WK9Wx/z1ppVzRyiP7A+fwBt/5ba</latexit>

q̃k,?i
<latexit sha1_base64="4Y2u5QxlyjyFFqHNVM9pbKfDST8=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCyCh1ISEfRY8OKxgv2AJpTNdtIu3STr7kYoIScv/hUvHhTx6m/w5r9x2+agrQ8GHu/NMDMvEJwp7TjfVmlldW19o7xZ2dre2d2z9w/aKkklhRZNeCK7AVHAWQwtzTSHrpBAooBDJxhfT/3OA0jFkvhOTwT4ERnGLGSUaCP17WNPMz6A7D7vZ54gknAOvOYJkAKzvG9XnbozA14mbkGqqECzb395g4SmEcSacqJUz3WE9jMiNaMc8oqXKhCEjskQeobGJALlZ7M3cnxqlAEOE2kq1nim/p7ISKTUJApMZ0T0SC16U/E/r5fq8MrPWCxSDTGdLwpTjnWCp5ngAZNANZ8YQqhk5lZMRyYLqk1yFROCu/jyMmmf112n7t5eVBu1Io4yOkIn6Ay56BI10A1qohai6BE9o1f0Zj1ZL9a79TFvLVnFzCH6A+vzB/QzmVY=</latexit><latexit sha1_base64="4Y2u5QxlyjyFFqHNVM9pbKfDST8=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCyCh1ISEfRY8OKxgv2AJpTNdtIu3STr7kYoIScv/hUvHhTx6m/w5r9x2+agrQ8GHu/NMDMvEJwp7TjfVmlldW19o7xZ2dre2d2z9w/aKkklhRZNeCK7AVHAWQwtzTSHrpBAooBDJxhfT/3OA0jFkvhOTwT4ERnGLGSUaCP17WNPMz6A7D7vZ54gknAOvOYJkAKzvG9XnbozA14mbkGqqECzb395g4SmEcSacqJUz3WE9jMiNaMc8oqXKhCEjskQeobGJALlZ7M3cnxqlAEOE2kq1nim/p7ISKTUJApMZ0T0SC16U/E/r5fq8MrPWCxSDTGdLwpTjnWCp5ngAZNANZ8YQqhk5lZMRyYLqk1yFROCu/jyMmmf112n7t5eVBu1Io4yOkIn6Ay56BI10A1qohai6BE9o1f0Zj1ZL9a79TFvLVnFzCH6A+vzB/QzmVY=</latexit><latexit sha1_base64="4Y2u5QxlyjyFFqHNVM9pbKfDST8=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCyCh1ISEfRY8OKxgv2AJpTNdtIu3STr7kYoIScv/hUvHhTx6m/w5r9x2+agrQ8GHu/NMDMvEJwp7TjfVmlldW19o7xZ2dre2d2z9w/aKkklhRZNeCK7AVHAWQwtzTSHrpBAooBDJxhfT/3OA0jFkvhOTwT4ERnGLGSUaCP17WNPMz6A7D7vZ54gknAOvOYJkAKzvG9XnbozA14mbkGqqECzb395g4SmEcSacqJUz3WE9jMiNaMc8oqXKhCEjskQeobGJALlZ7M3cnxqlAEOE2kq1nim/p7ISKTUJApMZ0T0SC16U/E/r5fq8MrPWCxSDTGdLwpTjnWCp5ngAZNANZ8YQqhk5lZMRyYLqk1yFROCu/jyMmmf112n7t5eVBu1Io4yOkIn6Ay56BI10A1qohai6BE9o1f0Zj1ZL9a79TFvLVnFzCH6A+vzB/QzmVY=</latexit><latexit sha1_base64="4Y2u5QxlyjyFFqHNVM9pbKfDST8=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCyCh1ISEfRY8OKxgv2AJpTNdtIu3STr7kYoIScv/hUvHhTx6m/w5r9x2+agrQ8GHu/NMDMvEJwp7TjfVmlldW19o7xZ2dre2d2z9w/aKkklhRZNeCK7AVHAWQwtzTSHrpBAooBDJxhfT/3OA0jFkvhOTwT4ERnGLGSUaCP17WNPMz6A7D7vZ54gknAOvOYJkAKzvG9XnbozA14mbkGqqECzb395g4SmEcSacqJUz3WE9jMiNaMc8oqXKhCEjskQeobGJALlZ7M3cnxqlAEOE2kq1nim/p7ISKTUJApMZ0T0SC16U/E/r5fq8MrPWCxSDTGdLwpTjnWCp5ngAZNANZ8YQqhk5lZMRyYLqk1yFROCu/jyMmmf112n7t5eVBu1Io4yOkIn6Ay56BI10A1qohai6BE9o1f0Zj1ZL9a79TFvLVnFzCH6A+vzB/QzmVY=</latexit>

r̃k,?
<latexit sha1_base64="klcyG0P8TwcQzFIa/jAVtbpqG6k=">AAACBHicbVBNS8NAEN34WetX1GMvwSJ4KCURQY8FLx4r2A9oQthsJu3SzWbZ3Qgl9ODFv+LFgyJe/RHe/Ddu2xy09cHA470ZZuZFglGlXffbWlvf2NzaruxUd/f2Dw7to+OuynJJoEMylsl+hBUwyqGjqWbQFxJwGjHoReObmd97AKloxu/1RECQ4iGnCSVYGym0a76mLIZCTsPCF1hixoA1fAFSTEO77jbdOZxV4pWkjkq0Q/vLjzOSp8A1YVipgecKHRRYakoYTKt+rkBgMsZDGBjKcQoqKOZPTJ0zo8ROkklTXDtz9fdEgVOlJmlkOlOsR2rZm4n/eYNcJ9dBQbnINXCyWJTkzNGZM0vEiakEotnEEEwkNbc6ZGSSINrkVjUheMsvr5LuRdNzm97dZb3VKOOooBo6RefIQ1eohW5RG3UQQY/oGb2iN+vJerHerY9F65pVzpygP7A+fwDFzJi6</latexit><latexit sha1_base64="klcyG0P8TwcQzFIa/jAVtbpqG6k=">AAACBHicbVBNS8NAEN34WetX1GMvwSJ4KCURQY8FLx4r2A9oQthsJu3SzWbZ3Qgl9ODFv+LFgyJe/RHe/Ddu2xy09cHA470ZZuZFglGlXffbWlvf2NzaruxUd/f2Dw7to+OuynJJoEMylsl+hBUwyqGjqWbQFxJwGjHoReObmd97AKloxu/1RECQ4iGnCSVYGym0a76mLIZCTsPCF1hixoA1fAFSTEO77jbdOZxV4pWkjkq0Q/vLjzOSp8A1YVipgecKHRRYakoYTKt+rkBgMsZDGBjKcQoqKOZPTJ0zo8ROkklTXDtz9fdEgVOlJmlkOlOsR2rZm4n/eYNcJ9dBQbnINXCyWJTkzNGZM0vEiakEotnEEEwkNbc6ZGSSINrkVjUheMsvr5LuRdNzm97dZb3VKOOooBo6RefIQ1eohW5RG3UQQY/oGb2iN+vJerHerY9F65pVzpygP7A+fwDFzJi6</latexit><latexit sha1_base64="klcyG0P8TwcQzFIa/jAVtbpqG6k=">AAACBHicbVBNS8NAEN34WetX1GMvwSJ4KCURQY8FLx4r2A9oQthsJu3SzWbZ3Qgl9ODFv+LFgyJe/RHe/Ddu2xy09cHA470ZZuZFglGlXffbWlvf2NzaruxUd/f2Dw7to+OuynJJoEMylsl+hBUwyqGjqWbQFxJwGjHoReObmd97AKloxu/1RECQ4iGnCSVYGym0a76mLIZCTsPCF1hixoA1fAFSTEO77jbdOZxV4pWkjkq0Q/vLjzOSp8A1YVipgecKHRRYakoYTKt+rkBgMsZDGBjKcQoqKOZPTJ0zo8ROkklTXDtz9fdEgVOlJmlkOlOsR2rZm4n/eYNcJ9dBQbnINXCyWJTkzNGZM0vEiakEotnEEEwkNbc6ZGSSINrkVjUheMsvr5LuRdNzm97dZb3VKOOooBo6RefIQ1eohW5RG3UQQY/oGb2iN+vJerHerY9F65pVzpygP7A+fwDFzJi6</latexit><latexit sha1_base64="klcyG0P8TwcQzFIa/jAVtbpqG6k=">AAACBHicbVBNS8NAEN34WetX1GMvwSJ4KCURQY8FLx4r2A9oQthsJu3SzWbZ3Qgl9ODFv+LFgyJe/RHe/Ddu2xy09cHA470ZZuZFglGlXffbWlvf2NzaruxUd/f2Dw7to+OuynJJoEMylsl+hBUwyqGjqWbQFxJwGjHoReObmd97AKloxu/1RECQ4iGnCSVYGym0a76mLIZCTsPCF1hixoA1fAFSTEO77jbdOZxV4pWkjkq0Q/vLjzOSp8A1YVipgecKHRRYakoYTKt+rkBgMsZDGBjKcQoqKOZPTJ0zo8ROkklTXDtz9fdEgVOlJmlkOlOsR2rZm4n/eYNcJ9dBQbnINXCyWJTkzNGZM0vEiakEotnEEEwkNbc6ZGSSINrkVjUheMsvr5LuRdNzm97dZb3VKOOooBo6RefIQ1eohW5RG3UQQY/oGb2iN+vJerHerY9F65pVzpygP7A+fwDFzJi6</latexit>

p̃?i
<latexit sha1_base64="5HVvkqLtk6N1aCxxwaC9PsmkqlQ=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwICURQY8FLx4r2A9oQthsJu3STbLsboQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzQsGZ0o7zba2tb2xubdd26rt7+weH9tFxT2W5pNClGc/kICQKOEuhq5nmMBASSBJy6IeT25nffwSpWJY+6EKAn5BRymJGiTZSYDc8zXgEpZgGpSdACsymgd10Ws4ceJW4FWmiCp3A/vKijOYJpJpyotTQdYT2SyI1oxymdS9XIAidkBEMDU1JAsov58dP8ZlRIhxn0lSq8Vz9PVGSRKkiCU1nQvRYLXsz8T9vmOv4xi9ZKnINKV0sinOOdYZnSeCISaCaF4YQKpm5FdMxkYRqk1fdhOAuv7xKepct12m591fN9kUVRw2doFN0jlx0jdroDnVQF1FUoGf0it6sJ+vFerc+Fq1rVjXTQH9gff4AT9eVHA==</latexit><latexit sha1_base64="5HVvkqLtk6N1aCxxwaC9PsmkqlQ=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwICURQY8FLx4r2A9oQthsJu3STbLsboQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzQsGZ0o7zba2tb2xubdd26rt7+weH9tFxT2W5pNClGc/kICQKOEuhq5nmMBASSBJy6IeT25nffwSpWJY+6EKAn5BRymJGiTZSYDc8zXgEpZgGpSdACsymgd10Ws4ceJW4FWmiCp3A/vKijOYJpJpyotTQdYT2SyI1oxymdS9XIAidkBEMDU1JAsov58dP8ZlRIhxn0lSq8Vz9PVGSRKkiCU1nQvRYLXsz8T9vmOv4xi9ZKnINKV0sinOOdYZnSeCISaCaF4YQKpm5FdMxkYRqk1fdhOAuv7xKepct12m591fN9kUVRw2doFN0jlx0jdroDnVQF1FUoGf0it6sJ+vFerc+Fq1rVjXTQH9gff4AT9eVHA==</latexit><latexit sha1_base64="5HVvkqLtk6N1aCxxwaC9PsmkqlQ=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwICURQY8FLx4r2A9oQthsJu3STbLsboQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzQsGZ0o7zba2tb2xubdd26rt7+weH9tFxT2W5pNClGc/kICQKOEuhq5nmMBASSBJy6IeT25nffwSpWJY+6EKAn5BRymJGiTZSYDc8zXgEpZgGpSdACsymgd10Ws4ceJW4FWmiCp3A/vKijOYJpJpyotTQdYT2SyI1oxymdS9XIAidkBEMDU1JAsov58dP8ZlRIhxn0lSq8Vz9PVGSRKkiCU1nQvRYLXsz8T9vmOv4xi9ZKnINKV0sinOOdYZnSeCISaCaF4YQKpm5FdMxkYRqk1fdhOAuv7xKepct12m591fN9kUVRw2doFN0jlx0jdroDnVQF1FUoGf0it6sJ+vFerc+Fq1rVjXTQH9gff4AT9eVHA==</latexit><latexit sha1_base64="5HVvkqLtk6N1aCxxwaC9PsmkqlQ=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwICURQY8FLx4r2A9oQthsJu3STbLsboQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzQsGZ0o7zba2tb2xubdd26rt7+weH9tFxT2W5pNClGc/kICQKOEuhq5nmMBASSBJy6IeT25nffwSpWJY+6EKAn5BRymJGiTZSYDc8zXgEpZgGpSdACsymgd10Ws4ceJW4FWmiCp3A/vKijOYJpJpyotTQdYT2SyI1oxymdS9XIAidkBEMDU1JAsov58dP8ZlRIhxn0lSq8Vz9PVGSRKkiCU1nQvRYLXsz8T9vmOv4xi9ZKnINKV0sinOOdYZnSeCISaCaF4YQKpm5FdMxkYRqk1fdhOAuv7xKepct12m591fN9kUVRw2doFN0jlx0jdroDnVQF1FUoGf0it6sJ+vFerc+Fq1rVjXTQH9gff4AT9eVHA==</latexit>

n̄i=�1/2
0 ñi+

n0

T0
b
@

@b
�1/2
0 T̃?i, ūki=�1/2

0 uki.
<latexit sha1_base64="eRmkulOnKURw8W92hsckBCMmSFA="></latexit><latexit sha1_base64="eRmkulOnKURw8W92hsckBCMmSFA="></latexit><latexit sha1_base64="eRmkulOnKURw8W92hsckBCMmSFA="></latexit><latexit sha1_base64="eRmkulOnKURw8W92hsckBCMmSFA="></latexit>



Numerical implementation

Ø Most operators are already exist in BOUT++ framework

Ø Padé approximation for gyro-averaging operator

As a result,                                                                  where

and

Ø Fast non-Fourier method for Landau closure

Ø Solve vorticity for electrostatic potential

is approximated by
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Dimits et.al.,  PoP, 21, 055907 (2014)

�1/2
0 =

1

1 + b/2
, �0 =

1

1 + b
, �1 � �0 = 1.

<latexit sha1_base64="f3rBt4PJtpr98jkiXshnKzY4YkM="></latexit><latexit sha1_base64="f3rBt4PJtpr98jkiXshnKzY4YkM="></latexit><latexit sha1_base64="f3rBt4PJtpr98jkiXshnKzY4YkM="></latexit><latexit sha1_base64="f3rBt4PJtpr98jkiXshnKzY4YkM="></latexit>



Code flowchart

Ø Look through the code and reference Ma’s 
presentation
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Hands-on Exercise

Ø Installation

Ø Two examples:
§ electrostatic ITG – credit to S. S. Kim 
§ electromagnetic KBM – credit to C. H. Ma
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Installation

Ø login Edison
§ %  ssh -Y trainXX@edison.nersc.gov
§ %  module load git

Ø Get the bout_glf git repository:
§ %  git clone ssh://user@portalauth.nersc.gov/

project/projectdirs/bout_glf/www/git/bout_glf.git
Ø Switch to the modomegad branch: 

§ %  git checkout bout_modomegad
Ø • Compile the code (on edison):

§ %  ./configure.Edison
§ % make

Ø Run examples
§ %  cd examples/glfkbm3-1 (or, examples/glf_itg3+1)
§ %  make
§ % sbatch jobscription_edison
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Electrostatic, collisonless ITG

Ø For electrostatic, collisonless ITG case, we assume electrons are adiabatic 
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Electrostatic, collisonless ITG (cont)
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Ø Run examples
§ %  cd examples/glf_itg3+1
§ %  make
§ %  sbatch jobscription_edison

Ø Analysis data
§ plot poloidal snapshot
o open IDL

§ %  IDL
o Load data

§ IDL> phi=collect(var=“phi”)
o Load grid information

§ IDL> g=file_import(“./data/cyclone_260x64.nc”)
o Plot poloidal snapshot at t=50

§ IDL> plotpolslice,phi[*,*,*,49],g,period=10,zangle=0

§ or, get the linear growth rate (see next page)



Electromagnetic KBM
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Ø Run examples
§ %  cd examples/glfkbm3-1
§ %  make
§ %  sbatch jobscription_edison

Ø Analysis data
§ get the linear growth rate


